ABSTRACT: Rheological properties and boundary layer flow behavior of Micro Fibrillated Cellulose (MFC) suspended in water was studied using a novel velocity profiling rheometric technique. The method is based on measuring stationary velocity profiles of fluid flow in a straight tube simultaneously by Doppler Optical Coherence Tomography (DOCT) and by Ultrasound Velocity Profiling (UVP). The high resolution DOCT provides velocity profiles near the transparent tube wall, while UVP yields corresponding information in the interior parts of the flow. The data from the two instruments is combined into a comprehensive velocity profile including both the thin boundary layer near the wall and the interior parts of the flow. Within the boundary layer, concentration and thereby the viscosity of MFC is found to decrease towards the wall. At high flow rate, sublayer of virtually pure water is observed next to the wall, giving rise to apparent wall slip. The results from interior part of the flow show shear thinning behavior in qualitative agreement with results from conventional rheological methods. The results indicate that the new method can provide detailed experimental information on the rheology of MFC suspensions and their intricate boundary layer flow behavior, avoiding uncertainties inherent in many conventional rheological techniques.
Introduction
As potential ingredients for novel bio-based materials and high-end products, Microfibrillated Cellulose (MFC) materials are subject of active research and of commercial interest within forest industry. Often, production and processing of MFC involves the fibrous MFC material suspended in a carrier fluid, typically water. Similar to many other natural and synthetic fiber suspensions, the rheological and flow properties of aqueous MFC suspensions are diverse, and depend strongly on the fiber properties and fiber mass concentration (Klemm et al 2011) . Already at a very low concentration, aqueous MFC suspensions can show intricate rheological properties such as gel formation, yield stress, shear thinning, hysteresis, and thixotropy (Iotti et al 2011; Karppinen et al 2012; Martoïa et al 2015; Shafiei-Sabet et al 2016; Mohtaschemi et al 2014) . These properties derive primarily from the inherent entangled heterogeneous network of fibrils and partially disintegrated fibers having high specific surface area, aspect ratio, strength and flexibility (Lavoine et al 2012) .
Conventional experimental techniques for measuring rheological properties of fluids are typically based on simple and well-defined flow geometries where the flow condition is assumed known (Morrison 2001) . Analysis of data from such experiments is thus based on certain conjectures concerning the flow velocity profile and boundary conditions that are assumed to prevail in the flow. While appropriate for many homogeneous nonNewtonian fluids, such presumptions are questionable in the case of complex heterogeneous fluids (Mewis, Moldenaers 1999) . The rheological parameters thereby obtained may not reflect properties of the fluid alone, but also of the particular flow used in the measurement. Consequently, the parameters may lack generality and lead to erroneous results if applied in flow in conditions not similar to that used in the rheological experiment (Nechyporchuk et al 2014; Saarinen et al 2014; Naderi. Lindström 2016) .
The crux of velocity profiling rheometry is to combine conventional rheological techniques and simultaneous measurement of flow velocity profile (Powell et al 1994; Hanlon et al 1998; Raynaud et al 2002; Dogan et. al. 2002; Ouriev, Windhab 2002 ). The data analysis can then be based on a measured instead of assumed velocity profile. Velocity profiling techniques applicable for turbid fluids are e.g. Nuclear Magnetic Resonance Imaging (NMRI) or Ultrasound Velocity profiling (UVP) (Powell 2008) . Both UVP and NMRI have been tested for several rheologically complex fluids and multiphase systems of practical interest e.g. in food, paper and chemical industries (Britton, Callaghan 1997; Dogan et al 2005; Wassell et al 2010; Derakhshandeh et al 2010; Haavisto et al 2011) . The concept is well established and has been implemented as in-line rheometers in industrial processes providing means for process monitoring and quality control (Wunderlich, Brunn 1999; Ricci et al 2012; Arola et al 1997; Kotzé et al 2012) .
Techniques such as UVP and NMRI allow measuring flow velocity of also turbid fluids well inside the flow. Due to their limited spatial resolution (Manneville 2008; Fock et. al. 2011 ) and, especially for UVP, disturbance caused by solid-fluid interfaces (Wunderlich and Brunn 2000) , these methods are hardly accurate enough to resolve the flow profile in the immediate vicinity of a bounding surface. This is unfortunate as the boundary layer behavior of heterogeneous fluids can be quite intricate and can dominate the overall observed flow behavior. A common example of such a case is stationary plug flow of pulp in a straight pipe where the observed velocity is nearly constant in the pipe cross-section and apparent slip occurs at the wall (Pettersson et al 2006; Soszynski 1991; Duffy 2006) . Obviously, the complex flow dynamics, reflected e.g. by the measured friction loss behavior of such flow, is dominated by a very thin layer at the tube wall. Obtaining direct experimental data on such a thin layer is not, in general, straightforward for complex flows involving e.g. opaque fluids, and the related flow phenomena remain poorly understood (Fock et al 2011) .
Optical Coherence Tomography (OCT) is a noninvasive technique capable of fast real-time highresolution imaging of the internal structure of an opaque scattering medium in the vicinity of its surface (Fercher et al 2003; Schmitt 1999) . The imaging depth of OCT is limited by the used optics and by attenuation of light in the material. In addition to giving access to structural data, the method can be extended to provide velocity information through Doppler Optical Coherence Tomographic (DOCT) technique (Wang et al 1997; Chen, Zhang 2015) . Furthermore, the DOCT method appears capable of accurate high-resolution measurement of velocity profile very close to a channel wall, and is thus well suited in detailed study of the boundary layer flow behavior of complex fluids with suitable optical properties Wang 2004; Malm et al 2015) .
In this work we report results on rheological and boundary layer flow properties of a MFC suspension, obtained by a novel in-line rheological method (Salmela et al 2013) utilizing velocity profiling. The velocity profile is measured by combining data from simultaneous measurements by DOCT and UVP. Here, DOCT is used to measure the velocity profile in the immediate vicinity of a transparent tube wall, typically closer than 1 mm, while UVP provides the same information in the interior parts of the tube. The combination of data from these instruments provides a comprehensive velocity profile including both the boundary layer and bulk regions of the MFC suspension.
Materials and Methods

Materials
The microfibrillated cellulose used in this work was obtained from Daicel Chemical Industries, Japan. The product type was Celish KY-100G, which is manufactured from purified wood pulp. The basic properties of this commercial MFC have been reported in literature. The average length and diameter of the fibers are 350 µm and 15 µm, respectively (Tatsumi et al 2002) . The final MFC suspensions used in the flow experiments were obtained by diluting the original MFC by deionized water to mass concentrations of 0.4%, 1.0% and 1.6% using high intensity mixing by an overhead stirrer (Glas-Col).
Experimental Setup
The measurement unit consisted of a 2.5 m long optical grade glass tube with an inner diameter of 19 mm. The flow in the tube was driven by a low-pulsation progressive cavity pump (Seepex MD series). Total volume of the sample in the flow loop and in the tank was 13.5 liters. The fluid temperature in the loop was set to 21C with a digital temperature control unit (PolyScience, model 9610). The volumetric flow rate in the loop was adjusted manually using the pump control voltage, and measured using a magnetic flow rate sensor (Siemens, Sitrans F M MAGFLO).
The measurements were carried out at stationary flow conditions at several values of total flow rate in the range 8 -160 ml/s (see Fig 3 and 4) . The fluid temperature during each trial point was measured with a thermocouple (Fluke multimeter). The wall shear stress at each flow rate was found based on pressure difference measurement between two 1.5 mm diameter taps drilled through the tube wall located at 74 and 126 diameters downstream from the tube inlet. The pressure difference measurement was done using calibrated sensors (Rosemount, sensor types 3051 and 2051). A schematic of the tube flow system is shown in Fig 1 . 
Optical Coherence Tomography
In the spectral domain OCT used in this work, a low coherence light beam is emitted from a super luminescent led light source and split into the sample arm and the reference arm of a Michelson interferometer (Schmitt 1999) . The backscattered interference pattern, called Ascan, is Fourier-transformed to give information about the sample scattering index from different depths inside the sample. Cross-sectional images of the sample can be constructed from a series of A-scans by recording depth profiles from different lateral locations of the sample. Such a collection of A-scans is called a B-scan. The resolution of an OCT system in the direction parallel to the light beam is determined by the central wavelength and bandwidth of the light source, while the lateral (cross beam) resolution is determined by the diffraction limited spot size of the focused optical beam. Contrary to standard microscopy, OCT can thereby achieve good parallel resolution independent of the beam focusing and spot size. The OCT device used in this study was Telesto Spectral Domain OCT (Thorlabs, Inc.) with a central wavelength of 1325 nm and bandwidth in excess of 150 nm. The resolutions in the parallel and lateral directions are approximately 3.7 µm (in water) and 15 µm, respectively.
The Doppler Optical Coherence Tomography (DOCT) is a modality of OCT that can be used to obtain velocity information. In a DOCT mode, the Doppler frequency generated by a moving object is detected from the phase difference between two or more adjacent A-scans, thus yielding the velocity component in the direction of the light beam (Haavisto et al 2015b) .
In this work OCT was used both in imaging the MFC suspension microstructure and for measuring the velocity profile near the tube wall. The OCT measuring head was located 116 tube diameters downstream from the tube inlet. A region of flat surface was ground on the glass tube outer surface in order to minimize thickness of the tube wall and to prevent unwanted refraction of light at the measuring point. In the imaging mode B-scans across a physical width of 5 mm in the tube axial direction were acquired (see Fig 9) . For flow velocity measurements, small amount of coffee creamer was added as light scattering tracer in the suspension to ensure appropriate level of signal also from the regions of fluid between MFC aggregates. Stationary state velocity profiles at each constant value of flow rate were obtained based on scattering data from a sequence of about 60 000 A-scans at a single position. The data acquisition frequency was 5.5, 28 or 91 kHz, depending on flow rate. Assuming fully developed flow in the tube, the axial velocity profile is given by [1] where y is the distance from the tube wall, is the measured velocity component in the beam direction and is the Doppler angle (angle of the incident light beam and tube axis). The value of the Doppler angle was conveniently obtained by utilizing the imaging modality of OCT at the same setting of the measuring probe, and evaluating the inclination of the tube inner wall visible in the images (see Fig. 9 ). A typical value of used here was 86 -87.
Ultrasound Velocity Profiling
Ultrasound velocity profiling technique is based on using an emitter/receiver to send a series of short ultrasound bursts into the flow, and detecting the sound reflected from the target particles moving along with the flow. The location of the particles is acquired with the time-of-flight method using the known velocity of sound. The velocity of the moving particles is calculated from crosscorrelation between the echoes from consecutive pulses. In the present study, a DOP2000 (Signal-Processing S.A., Switzerland) device equipped with an 8 MHz ultrasound probe was used. The probe was installed in a water bath surrounding the tube 105 diameters downstream from the tube inlet, and at angle of 78.5 relative to tube axis. The pulse repetition frequency was varied between 500 and 2000 Hz in order to exploit full velocity resolution range. The pulse length was ~0.38 mm in water (2 wavelengths), which also gives the spatial resolution. In all measurements, 32 consecutive pulse emissions were used to calculate a single velocity value in each sampled depth locations. The mean velocity profile for a given flow rate was calculated as the average of the results from 500 individual velocity profiles measurements.
In analogy to DOCT, the present UVP device measures a single velocity component in the direction of the ultrasound beam. The flow velocity u is again given by Eq 1, and is thus susceptible to systematic error related to uncertainty in the value of (≲90). The Doppler angle for the UVP measurement was determined manually by measuring the setting angle between the tube upper surface and the body of the ultrasound transducer. Here, error may occur as the actual Doppler angle, i.e. the angle of incident of the ultrasound beam that enters the flow, may deviate from the measured probe setting value due to e.g. mechanical manufacturing tolerances of the probe, angle measurement error and refraction of sound at tube wall surfaces. Similar uncertainty applies also to DOCT although in that case, the Doppler angle can be found more directly using the imaging mode of OCT, as discussed above. More detailed discussion on the effects of various uncertainties related to the two methods can be found in reference (Szkulmowska et al 2008; Messer, Aidun 2009 ).
Results and Discussion
In Fig 2 (a) shown is the measured pressure loss as a function of flow rate measured in a straight tube of diameter D=19 mm at various values of concentration of MFC suspension. The pressure loss behavior is found to be qualitatively similar to that of pseudoplastic fluids. At the lowest concentration of 0.4%, the non-linear behavior is quite weak, however. At the highest concentration of 1.6% instead, the pressure loss shows a distinct plateau, similar to what is often found for e.g. pulp suspensions (Jäsberg 2007; Sumida 2013; Duffy 2006) . The detailed reason for such behavior is discussed below. .   Fig 2(b) shows the loss behavior in terms of Darcy friction factor as a function of Reynolds number Rew calculated using viscosity of water. The data does not show evidence on transition to turbulent flow in the used range of flow rate. Especially in the case of 0.4% consistency the delayed transition to turbulence leads to distinct drag reduction typical to many polymer solutions and fiber suspensions (Escudier et al 1999; Lee, Duffy 1976 ).
Velocity Profiles
In most cases studied in this work, the velocity profiles measured by DOCT in the near wall region and by UVP in the interior parts of the tube show overlapping region of mutually consistent results. Typically, such overlap region is found within distance 0.5 -1.0 mm from the tube wall, see Fig 3 (a) and (b) . Slight systematic deviation may occur e.g. due to the uncertainty of the used values of Doppler angle. In practice, appropriate match in the overlap region was thus achieved by finetuning the Doppler angle used in Eq 1 for the UVP measurement. The combined velocity profile was then normalized such that the integrated total flow rate coincides with the flow rate measured independently by the magnetic flow rate sensor. This procedure of matching and normalization of the velocity profiles helps eliminating the systematic uncertainties related to absolute velocity values inherent in both methods while retaining the information related to the shape of the profiles. In the case of MFC at concentration 1.6%, the penetration depth of the DOCT light signal was reduced and the regions of accurate measurement of the two techniques do not show distinct overlap (see Fig 3 (c) ). In this case reasonably accurate patching of the profiles was nevertheless obtained by using DOCT results extrapolated into the UVP measurement region by means of a suitable fitting function (see Eq 3 below). In all measured cases, the corrections to the measured UVP Doppler angle required for profile matching and to the overall flow rate normalization, were below 0.3 and 10%, respectively.
Fig 3 shows the combined stationary velocity profiles at various total flow rates, as measured with DOCT and UVP techniques. (The bulge present in the velocity profile for the highest flow rate in Fig 3(a) is most likely a measurement error. Such artifacts are typically created by spurious reflections of the ultrasound pulses from tube walls, air bubbles etc.) The overall velocity profile appears to include two dynamically different parts. In the interior part of the tube, at the distance range of 200 µm ≲ /2, the profile is relatively shallow and qualitatively resembles that of a pseudoplastic fluid. In macroscopic scales the flow behavior of MFC appears as that of a shear thinning fluid with wall slip. The highresolution DOCT data shown in more detail in Fig 4  reveals, however, that in a thin near-wall region, the velocity profile is very steep and approaches rapidly zero towards the wall. No actual wall slip is thus observed.
Viscosity Characteristics
Given the combined velocity profile it is straightforward to numerically estimate the value of local shear rate ⁄ at distance y from the wall. For a stationary axial flow, the shear stress at position y is given by 1 ⁄ , is tube radius and Δ 2 ⁄ is the wall shear stress obtained from pressure loss Δ measured over a tube segment of length L (here 54 pipe diameters). The local value of viscosity at position y is thus given by [2] Utilizing the measured velocity profile we thus obtain the viscosity profile within the entire range of shear rate values present in the flow at each constant total flow rate. Notice however, that for MFC materials studied here, the total shear stress may include elastic contribution. The viscosity formally defined by Eq 2 may thus not be purely of frictional origin, and may depend on elastic strain in addition to strain rate. 6%   Fig -4 . Near-wall velocity profiles measured by DOCT. The labels to different profiles give the wall stress [Pa] (the corresponding flow rates can be found in Fig 3) . Graphs of Eq 3 fitted to DOCT data are shown as dashed lines. The geometric interpretation of the fitting parameters is given in subfigure (a) (Haavisto et. al. 2015a; Kumar et. al. 2016; AgodaTandjawa et. al. 2010; Saarinen et. al. 2014) .
At low values of shear rate ( ≲10 s -1 ), originating from inner parts of the tube, the measured values of viscosity show power-law type of correlation with shear rate. At higher values of shear rate, related to the near-wall boundary layer, the behavior is qualitatively different, as viscosity does not show clear correlation with shear rate alone. Indeed, closer examination of the boundary layer, discussed in more detail in the next section, indicates that concentration of MFC decreases towards the wall in that thin layer. Within the boundary layer viscosity thus depends on both the local shear rate and the local concentration, and can have values significantly lower than in the interior parts of the tube.
Boundary Layer Behavior
We now study the boundary layer behavior and the rheological properties of MFC suspension near the tube wall using the DOCT data shown in Fig 4. Within the region ≲500 µm, the measured velocity profiles can be closely approximated by the formula
where , , and are free parameters found by fitting to the velocity profile data. The parameter characterizes the thickness of the wall boundary layer underlying the apparent wall slip. The parameters and can be interpreted as the apparent slip velocity and the apparent wall shear rate, respectively (see Fig 4 (a) ). Using these parameters, we can also define the apparent value of viscosity at wall as ⁄ . As obvious from these definitions the term 'apparent' is used here to refer to wall quantities observable in the macroscopic scales and related to the velocity profile shape just outside the boundary layer ≳ . In principle, the apparent parameters could be measured using UVP or similar low-resolution technique alone. Instead, measuring the boundary layer thickness and the velocity profile within the thin boundary layer require highresolution method such as DOCT. The shear rate at the wall ( 0) is given in terms of the three fitting parameters described above as ≡ .
[4]
The value of viscosity at wall is then given by ⁄ . As evident from the shape of the velocity profiles shown in Fig 4, we typically have that ≫ , and thus that ≪ and / . The plateau visible in the shear stress behavior of especially 1.6% MFC (see also Fig 2(a) ) is most likely related to existence of concentration gradient and, at higher values of flow rate, even of a thin particle depletion layer near the wall. The well-known explanation for such phenomenon is given by the combined effect of steric hindrance and repulsive hydrodynamic interaction between the tube wall and suspended particles (Barnes 1995; Medhi et al 2011; Leighton, Acrivos 1987; Jäsberg et al. 2000) . This interpretation is supported by Fig 7 (a) and (b) showing the measured dependence of viscosity at wall and of apparent slip velocity on wall shear stress, respectively. At low values of wall shear stress (and of flow rate), viscosity at wall decreases and slip velocity increases with wall shear stress. In the case of 1.6% MFC a distinct transition at 20 Pa is found. Around that point, apparent slip velocity increases rapidly while viscosity at wall becomes constant with the value near that of water ( ~ 1 mPa·s). A plausible interpretation of this result is that at low flow rate, the particulate phase is in contact with tube wall, and contributes to total friction. The repulsive hydrodynamic force between the tube wall and the particles increases with flow rate leading to gradual decrease of elastic normal force and of direct friction between particles and the wall. In the transition point, repulsive interaction overcomes the elastic stress in the MFC material and a narrow layer of virtually pure water is formed near the wall. Such an effect characterizes also flows of e.g. pulp suspensions (Derakhshandeh et al 2011) . In the case of 1.0% MFC similar but somewhat less abrupt transition occurs at 7 Pa. At the lowest consistency of 0.4%, the transition seems to occur already at very low flow rate, being barely visible in the viscosity behavior shown in Fig 7 (a) . The increase of the transition point and the more distinct characteristics of the transition are qualitatively explained by the increase of elastic stiffness of the fibrous network with consistency of the MFC material.
The existence of the low viscosity layer is visible also in Fig 8 showing the local values of viscosity for consistency 1.0% as a function of distance from the wall, for several values of total flow rate. The local values of viscosity are obtained from Eq 2 and 3 using the measured values of wall shear stress and parameters , , and fitted to DOCT velocity profiles shown in Fig 4(b) . Outside of the boundary layer viscosity decreases with flow rate (and with local shear rate). Towards the wall, the value of viscosity decreases and approaches that of water irrespective of the flow rate, and thus, of the wall shear rate. Direct qualitative evidence on correlation between viscosity behavior and concentration gradient near the wall is obtained by utilizing the imaging modality of OCT. 
Conclusions
A novel experimental method, based on simultaneous use of Doppler Optical Coherence Tomography (DOCT) and Ultrasound Velocity Profiling (UVP), was used to study the rheological properties and boundary layer behavior of micro-fibrillated cellulose (MFC) suspension flow in a straight tube at consistencies 0.4%, 1.0%, and 1.6% by weight. The two velocity profiling methods are complementary in the sense the DOCT technique is capable of high-resolution measurement of the boundary layer flow very close to the tube wall while the UVP method is useful in measuring the velocity profile in the interior parts of the tube with lower spatial resolution. A comprehensive velocity profile including both the thin boundary layer and the interior parts of the tube can be obtained by combining the velocity profiles from the two methods. Such combination is straightforward at lower values of consistency where the effective measuring ranges of the two methods overlap. At consistency 1.6% the penetration depth of the optical signal of DOCT was reduced such that no distinct overlap was achieved. Even then, adequate patching of the profiles was obtained by slight extrapolation of the measured results.
In the interior parts of the tube where the MFC consistency is constant, in average, the results show typical shear thinning behavior, in qualitative agreement with results obtained by conventional rheometric methods. The near wall behavior shows existence of a boundary layer where the mean concentration decreases towards the wall. Such a concentration gradient is most likely created by combined effect of steric hindrance by the wall and hydrodynamic lift that induces migration of MFC particles away from the wall. The thickness of such boundary layer increases with flow rate and decreases with MFC concentration. The maximum boundary layer thickness observed here was of the order of 200 µm. With increasing flow rate (wall shear stress), the fluid next to the tube wall may become nearly Newtonian with viscosity close to that of water. Such behavior indicates existence of a sublayer depleted of particles in the close vicinity of the wall, and leads to apparent wall slip. The local value of viscosity increases with distance from the wall, along with increasing concentration. The concentration boundary layer can be directly observed by using the imaging modality of optical coherence tomography.
